Septic shock is a major cause of mortality in neonates. The hypothesis was tested that neonatal age is associated with altered sensitivity to shock-inducing bacterial products or proinflammatory cytokines (or both). Mice of different ages were inoculated with various doses of lipopolysaccharide (LPS), superantigenic staphylococcal enterotoxin B (SEB), or recombinant tumor necrosis factor-a (rTNF-a), alone or in combination with the sensitizing agent D-galactosamine. Neonatal mice were markedly more susceptible to LPS-induced lethality but more resistant to SEB than were adults (P õ .05). Mice of different ages did not differ, however, in their sensitivity to lethal activities of rTNFa. Neonatal susceptibility to LPS and SEB correlated directly with plasma TNF-a but not IFN-g levels, which was confirmed by TNF-a and IFN-g blockade experiments. These data document marked age-related differences in the pathophysiology of septic shock and suggest that IFN-g is not an obligatory mediator of either LPS-or SEB-induced lethality in neonates.
Neonatal septic shock differs clinically from adult septic tive bacteria was found to be reduced [9] , normal [10, 11], or increased [12] in term neonates compared with adults. Cells shock. Mortality is higher in neonates (50% -70%), as is the incidence of permanent physical disabilities [1] . In addition, from term neonates also showed decreased or normal IL-1 [13 -17] and IL-6 [18 -20] production. TNF and IL-6 responses neonates have often atypical manifestations, such as thermal instability, lack of febrile response, and higher incidence of were found to be decreased in premature babies [11, 19] . This study was undertaken to test the hypothesis that neonarespiratory insufficiency [2] . Hemodynamic features of lipopolysaccharide (LPS)-induced shock in young dogs [3] and tal age is associated with altered sensitivity to shock-inducing bacterial products or endogenous cytokine mediators (or both). piglets [4] include a lack of early systemic hypotension and right ventricular failure.
In view of the conflicting results obtained with in vitro studies, we used murine models to assess age-dependent mortality and Many of the manifestations of septic shock have been related to high levels of circulating cytokines and other inflammatory circulating cytokine levels. LPS and staphylococcal enterotoxin B (SEB) were selected as shock-inducing agents. LPS is conmediators released on interaction of host cells with bacterial products. There are some indications that neonates may have sidered the main component responsible for mediator production in sepsis caused by gram-negative bacteria, the most frealtered cytokine responses. Stimulated T cells from human newborns produced significantly less interferon-g (IFN-g) than quent cause of systemic infections in the neonate. SEB is a member of a family of superantigenic exotoxins produced by did those of adults but equal amounts of interleukin-2 (IL-2) [5 -7] . T cells from neonatal mice produced minimal IL-2 and several species of gram-positive bacteria. In contrast to LPS, which acts predominantly on macrophages [21] , SEB and other IFN-g but high levels of IL-4 in response to primary stimulation in vitro with anti-CD3 antibody [8] .
superantigenic exotoxins induce shock by stimulating mainly T cells [22] . Studies investigating differences between human neonates and adults in the production of tumor necrosis factor-a (TNFa), IL-1, or IL-6 have often yielded contradictory results. TNF production by leukocytes in response to LPS from gram-nega- 
Materials and Methods

Results
To assess the protective effects of TNF-a or IFN-g blockade, Age-related mortality to LPS. Initial experiments were animals were inoculated subcutaneously with anti-TNF-a rabbit done to determine if mouse pups differed from adult animals serum or anti-IFN-g hamster monoclonal antibody (both from in their sensitivity to LPS-induced lethality. Mice of different Genzyme) at 4 h before challenge. The neutralizing activities of these preparations were determined in preliminary tests. One unit ages were inoculated with various doses of LPS alone or in of anti-TNF-a was defined as the amount of antibody giving 50% combination with the sensitizing agent D-gal. The latter agent neutralization of the cytotoxic effects of 10 U of mouse rTNF-a has been extensively used to overcome the natural resistance on WEHI 164 clone 13 cells [23] . One unit of anti-IFN-g was of mice to LPS or SEB [21, 22] . Table 1 shows that 50 defined as the amount of antibody giving 50% neutralization of mg/kg LPS induced 100% and 71% lethalities, respectively, in the antiviral effects of 10 U of mouse rIFN-g on L929 cells in-1-and 8-day-old unsensitized pups. In contrast, the same dose fected with vesicular stomatitis virus. All reagents used were free did not produce any lethality in 15-day-old or adult animals. respectively, in 1-day-old and adult animals. Therefore, the TNF-a activity was quantitated exactly as described [24] , by use of a cytotoxicity assay, and was expressed in units per milliliter, 1 U being defined as the amount of cytokine inducing 50% lysis of anti-TNF-a or anti-TNF-b serum (both from Genzyme). These studies indicated that TNF bioactivity in plasma from neonates
or adults challenged with LPS was entirely due to TNF-a. TNF for by differences in sensitivity to endogenous TNF. it can produce cytokine-mediated toxicity by stimulating predominantly T lymphocytes rather than macrophages [22] . In addition, SEB may play a pathogenic role in infections by were needed to induce comparable lethality in neonatal mice enterotoxin-producing Staphylococcus aureus isolates, which relative to adults. Again, SEB-induced lethality showed a profrequently cause infections in both adults and children [25] .
longed course in neonatal mice, but not in adults, paralleling SEB alone was insufficient to induce lethality at doses as high similar changes observed after administration of rTNF-a or as 200 mg/kg in either neonates or adults (table 3) . However, LPS. in the presence of D-gal, 5 mg/kg was sufficient to induce LPS-induced cytokine production. The above experiments lethality in 100% of the 15-day-old or adult animals. In conindicated that the increased mortality of neonates to LPS was trast, doses as high as 20 mg/kg did not produce any lethality specific and did not reflect a hypersusceptibility to rTNF-a. in 1-or 8-day-old sensitized mice. Estimated LD 50 values for Therefore, in further experiments we tested the hypothesis that SEB in D-gal -sensitized mice were 46.0, 35.2, 1.5, and 1.0 age-dependent lethality was related to altered cytokine producmg/kg, respectively, in 1-, 8-, and 15-day-old and adult anition. Mice were injected with 20 mg/kg LPS, and cytokine mals. These studies indicated that 45-fold-higher SEB doses levels were measured in plasma samples obtained at different times after challenge. Significant plasma TNF elevations over baseline (uninjected Table 2 . Recombinant tumor necrosis factor-a (rTNF-a) lethality in D-galactosamine -sensitized mice.
or 0 h controls) were detected in all age groups at 1, 2, and 3 h after challenge and returned to basal values thereafter (figure Treatment (U/kg 1 10 6 ) 1). The most striking age-related differences were significantly Lethality higher (P õ .05) TNF production in the younger age groups The appearance of IL-1b was also delayed in younger animals compared with adults (figure 2). In addition, IL-1b levels Figure 3 shows that significant elevations of IL-6 levels over elevations (figures 5 -7) showed similar kinetics in all age groups. Peak values were always observed at 4 h after chalbaseline were observed after LPS challenge in all age groups. No significant differences were detected between different age lenge. One-and 8-day-old pups produced consistently lower levels of all three cytokines in response to SEB (P õ .05). In groups in the levels of this cytokine, with the exception of lower values in the younger pups at 2 h after LPS. IFN-g levels contrast, 15-day-old animals displayed adult-like levels of all of the measured cytokines. Eight-day-old mice displayed inter-(figure 4) were ú90% lower (P õ .05) in 1-, 8-, or 15-dayold animals than in adults. Peak values were observed at 6 h mediate peak levels, which were significantly different from those of either the younger pups or the adults (P õ .05). after challenge in all age groups. No significant plasma IL-4 elevations were detected in any of the age groups after LPS Therefore, SEB-induced production of TNF, IFN-g, and IL-2 closely paralleled lethality in the different age groups. No injection (not shown).
SEB-induced cytokine production. TNF, IFN-g, and IL-2 significant plasma IL-4 elevations were detected in any of the age groups after SEB injection (not shown). are known to be released in the circulation and to play important roles in the pathophysiology of superantigen-induced shock.
Effects of TNF-a and IFN-g blockade. TNF or IFN blockade can ameliorate pathophysiologic changes in both SEB-and Therefore, plasma levels of these cytokines were measured in 1-, 8-, and 15-day-old and adult mice at various times after LPS-induced shock [22, 26, 27] . Since our data indicated agerelated differences in cytokine release, we sought to determine challenge with 5 mg/kg SEB. This dose was shown to be sufficient, in the presence of D-gal, to kill all of the adult if the response to anti-cytokine treatments also differed in adult and neonatal animals. Mice were injected with graded doses animals but none of the pups (table 3) . IFN-g, IL-2, and TNF of anti -TNF-a rabbit serum 4 h before challenge with LPS or these low levels or local IFN-g production affected lethality. Moreover, previous studies had documented IFN-g production SEB at doses inducing Ç50% lethality in controls (table 4) . Anti -TNF-a pretreatment protected both neonatal and adult in neonatal mice and rats during infection [28, 29] . Therefore the effects of IFN-g blockade were compared in adult and animals against LPS mortality. However 10-times-higher doses were needed to induce complete protection in neonates relative neonatal mice (table 5) . Anti -IFN-g protected adult (P õ .05) but not neonatal mice against LPS toxicity. However antito adults (P õ .05, table 4).
Anti -TNF-a induced complete protection also against SEB IFN-g did not affect lethality in either adults or neonates challenged with SEB plus D-gal. This lack of IFN-g blockade in D-gal-sensitized adults and neonates. However, in contrast with observations in LPS shock, ú3-times-higher doses of should be considered with caution, since D-gal models are characterized by increased sensitivity to TNF-a. However, the lack anti -TNF-a were needed to protect adults relative to neonates. Therefore, observations performed with anti -TNF-a paralleled of effects of anti -IFN-g in adult, sensitized mice challenged with SEB is in agreement with observations by others [27] . findings that neonates produce higher levels of TNF in response to LPS and lower levels in response to SEB, relative to adults. These data also indicate a crucial role of TNF-a in neonatal Discussion as well adult LPS and SEB shock.
Although plasma IFN-g levels were very low in neonates The present study documents significant age-related differences in susceptibility to shock-inducing agents. Compared inoculated with LPS or SEB, we could not exclude a priori that with adults, neonatal mice were Ç10 times more sensitive to The central finding of this report is that increased neonatal lethality to LPS was associated with higher and more persistent the lethal toxicity of LPS but 45 times more resistant to SEB. LPS is considered the main pathogenic factor in infections by circulating TNF levels. TNF blockade experiments confirmed that TNF-a production is higher in the neonate since 3-to gram-negative bacteria, the most frequent cause of neonatal sepsis [30] . Therefore, the increased sensitivity of the newborn 4-fold-higher doses of anti -TNF-a were needed to protect neonates compared with those required to protect adults. The to LPS, as well as its immunologic defects in response to infection, may account for the increased incidence of mortality increased lethality to LPS was not the consequence of increased susceptibility to known mediators of endotoxin toxicity. Both in neonatal sepsis. Conversely, neonates may be less susceptible to shock induced by exotoxin-producing gram-positive rTNF-a and a combination of rTNF-a and rIFN-g induced comparable mortality in neonates and adults. bacteria.
Increased susceptibility of neonates to endotoxin was prePrevious attempts to relate the atypical manifestations of neonatal sepsis to abnormalities in cytokine regulation have viously documented in rats [31 -35] and guinea pigs [36] . The mouse seems a preferable species for this kind of study. The yielded contradictory results [9, 37] . The reasons for these discrepancies are not entirely clear but are probably related to availability of inbred strains with specific defects in the immune system should permit further understanding of the pathophysidifferences in composition and purity of the cell populations and culture methods used. Most of these investigations used ology of neonatal shock. human blood cells. Macrophages and several other types of sponses. Since cytokine production results from an extensive network of interactions involving many different cell types, in cells present in different tissues, including endothelial cells and fibroblasts, make significant contributions to the overall vivo studies also seem important. Studies are underway to identify cell populations responsible cytokine production during inflammatory and immune refor increased TNF-a production in the neonate in response to LPS. Cell separation studies are complicated by the low yield and atypical physical properties of neonatal cells. Preliminary mice produce more TNF-a than those of adults on a per-cell basis (unpublished data).
Anti -TNF-a Lethality
Neonatal sensitivity to exotoxins has not been previously phages [21] , SEB and other superantigenic exotoxins induce ences in the cell types that are preferentially stimulated by these agents. In both neonates and adults, however, LPS and shock by stimulating mainly T cells. Reconstitution studies in nude mice show that they can be sensitized to SEB by the SEB lethality correlated with elevated plasma TNF levels, which was confirmed by TNF blockade experiments. In contransfer of T cells [22] .
Increased resistance to SEB in the present study correlated trast, IFN-g may not be an obligatory mediator of lethality in neonatal shock. Since neonatal sepsis has a high incidence with decreased plasma levels of TNF, IFN-g, and IL-2. The decreased neonatal production of these cytokines after SEB of serious complications despite aggressive treatment, these observations may be useful in developing alternative therapeumay be a consequence of reduced Th1 responses during early life. T cells from 4-day-old mice were previously reported to tic strategies. produce minimal IL-2 and IFN-g but high IL-4 levels in response to primary stimulation in vitro with anti-CD3 antibody
